Purpose -Nocturnal headaches among adolescents were reported to be increased with the development of modern technology. The purpose of this paper is to investigate the smartphone electromagnetic radiation related to nocturnal headaches among high school students. Design/methodology/approach -The time series study of all 12,969 records from 145 high school students Chiang Mai Province was selected from the population in the first phase by setting criteria. The samples completed a headache diary utilizing a smartphone application. The smartphone output power (SOP) was measured and recorded by the smartphone application and transmitted by e-mail to a researcher. The smartphone use, sleep quality, anxiety and depression also were assessed. Data were analyzed using Generalized Estimating Equation adjusting for demographic data, smartphone use, and sleep quality and otherwise. Findings -The resulted showed the prevalence of repeated headaches to be 13.4 percent, nocturnal headache only 5.3 percent and the strongest effect of day time SOP at a 1.80-1.99×10 −5 mW range on nocturnal headaches (OR adj 5.18; 95% CI: 3.44-7.81). Meanwhile, Lag_6 of daily SOP exposure produced a nocturnal headache effect in a reverse dose-response manner. Furthermore, the nocturnal headache also had the strongest association with age, internet use and device brand (OR adj 2.33; 95% CI: 1.08-5.05, OR adj 2.14; 95% CI: 1.07-4.2 and OR adj 1.68; 95% CI: 1.1-2.4). Originality/value -The electromagnetic radiation from a smartphone is the environmental variables influences on headache. The results suggested that there should be limited times for smartphone use and older age to start using a smartphone to prevent headache attacks at night.
Introduction
Nocturnal headaches are headache symptoms that occur at night. A previous study found headaches at night were usually associated with sleep-disorders that were linked to a bidirectional way that shared some pathophysiological mechanisms [1, 2] . The prevalence of frequent nocturnal headaches at more than one per week ranged at around 8.4 percent in the general population [3] . Adolescents tend to have a delayed circadian preference and are "night owls." This change occurs in association with puberty; more physically mature adolescents have a preference for later bedtimes and may have a lower homeostatic sleep drive, consequently experiencing increased night time activities [4] . Furthermore, adolescents living in the digital age are in the group that ranks in the top three of the highest possession and use of smartphones in Thailand [5] , with frequent usage at night.
Smartphones are modern mobile phones which have an electromagnetic emission source often held closest to the head and that can affect the human nervous system. Human nerves can be described as the electrical parts of human bodies and, as such, they are far from being in a state of equilibrium [6] . Previous studies found adolescents reporting that being awakened by a smartphone during the night at least once a month was associated with an increase in ill health symptoms such as headache and physical ill-being [7] [8] [9] . Furthermore, many of the recent pain-related studies reported activation by light [10] with results showing increases in cortical excitability during migraine attacks and visual hyper-excitability. The pain pathway begins with the intrinsic light cells that transform the light absorbed by the eye into a painful stimulus [11] .
However, the effect of electromagnetic radiation from a smartphone on nocturnal headaches remains unclear. In addition, a previous study has shown that adolescents who attempted to reduce mobile phone during the day were more likely to stay up later at night using their mobile phones and being distracted by it [7] . This study attempts to assess the effect of smartphone electromagnetic radiation on nocturnal headache, the results of which will provide data for recommending safe smartphone use and reducing headaches.
Materials and methods

Study design and participants
This prospective time series study was conducted among high school students in Chiang Mai Province during October-December 2015. The samples were composed of grades 10-12 high school students who were selected from the first phase of study based on the set criteria. The inclusion criteria were that subjects should have no daily health-related behaviors, including liquor, coffee or tea consumption and smoking, have no disease or health problems diagnosed by doctors and should not be undergoing treatment.
Data collection and headache measurement
The students recorded data every day over a period of two to four months (60-120 days) in the daily questionnaires which were sent to the researcher from a smartphone application. The questions in the headache diary consisted of the time when a headache has begun and stopped, characteristics of pain and details of telephone conversations by the internet and hands-free or speakerphone use. The time cycle headache was classified by the time of headache in four time periods (6 h), morning time 6:01-12:00 a.m., daytime 12:01-18:00 p.m., evening time 18:01-24:00 p.m. and nocturnal time 0:00-6:00 a.m. The Pittsburg Sleep Quality Index, anxiety, depression and smartphone use were also assessed by diary questionnaires. The daily questionnaires were tested amongst 30 students in order to have reliable results by calculating internal consistency from Cronbach's α, that is, 0.775. The researcher trained the students about daily recording in a smartphone application through a three-day recording practice.
The smartphone output power measurement The smartphone output power (SOP) was measured from the smartphone antenna and the application requested access to SOP via the program's framework by setting to save every 5 min and transmitting saved data by e-mail to the researcher every day. The mean of SOP was collected from the measurements taken at 5-min intervals for 15 min. The mean of daily dosage data was collected by applying the average time of exposure equation in the OET Bulletin 56 of the Federal Communications Commission 12 as follows:
where n is the number of minutes measuring the average smartphone's output power. The duration is the time of measuring smartphone power each time. The study took measurements every 15 min. The SOP was continuous data with non-normal distribution and divided into three groups of range.
Statistical analysis
The sample size was calculated based on a 10 percent prevalence of headaches by mobile phone use [12] . A total of 996 high school students made up the population for questionnaire interviews in the first phase of the study, and 200 students were selected by inclusion and exclusion criteria such as not being obese, having no daily health-related behaviors including liquor, coffee or tea consumption and smoking and having no disease or health problems diagnosed by doctors and undergoing treatment. To fill in the missing information, the researcher has extended the time for information collection from 60 to 120 days. In sum, 145 students completed data comprising 12,969 records which were coded and analyzed using Statistical Package for Social Science software version 20 to obtain the frequency, arithmetic mean and standard deviation. Relationships between SOP and nocturnal headaches, odds ratio (OR) and their 95% confidence intervals (95% CI) were investigated with p-value of o0.05 considered to be statistically significant. The Generalized Estimating Equation (GEE) was also run to control the confounding effects of such factors as demographic data, coffee or tea drinking, anxiety, depression, smartphone use and sleep quality. The GEE was used for data in the same cluster. In the analysis, therefore, the correlational structure was set and considered by the low score of Quasi-Likelihood under Independence Model Criterion. The Corrected Quasi-likelihood under Independence Model Criterion (QICC) has been used to compare the models under one correlational structure. A lower QICC score will correspond to a model of a better fit.
Ethical considerations
The study was approved by the Ethics Committee for Human Research, Faculty of Medicine at Chiang Mai University (COM 2558-03316). Informed consent was obtained from all participants.
Results
The 200 samples were asked to record headaches daily in a smartphone application. The SOP measured by another application was sent via a daily e-mail. Finally, 12,696 observations were obtained from a total of 145 students. The study found that the majority of the samples were female, 17.4 years old on average with a normal health condition. The headaches occurred in the morning, day time and in the evening accounting for 32.1, 30.2 and 32.4 percent of the participants, respectively, while only 5.3 percent reported a headache at night (Table I) .
The data on SOP has been adjusted considering the value of error measured from each device brand to normalize the value for all device brands. The SOP values were aggregated into four time periods (6 h), morning time 6.01-12.00 a.m., day time 12.01-18.00 p.m., evening time 18.01-24.00 p.m. and nocturnal time 0.01-6.00 a.m. The SOP values of each day were aggregated into a daily dose which was on average 2.08 ± 16.2 × 10 −3 mW (Table II) .
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Apparently, the average SOP was the highest during day time, 1.18 × 10 −3 mW, followed by morning time 1.1 × 10 −3 mW, while the lowest is during night time, 1.0 × 10 −3 mW. However, the maximum value of SOP occurred during night time at 1.55 mW. The SOP value observations were then divided into three ranged groups: ⩽1.79, 1.8-1.99 and ⩾2.0 × 10 −5 mW (Table III) . The SOP in the 1.8-1.99 × 10 −5 mW range appeared to be the least prevalent, with only 2.4 percent of the observations, taking place mostly during night time.
The researcher conducted a statistical test to evaluate the confounding effects and the relationship between various factors and found no interaction effect existed among them. Additional computation was made to adjust the effects of such potential confounders as demographic characteristics, and smartphone use. Autoregression 1 (AR1) was set as the correlational structure due to its lowest QIC (Table IV 
Discussion
This study showed the prevalence of nocturnal headache to be only 5.3 percent, which was consistent with findings in Brazil in 2009, i.e. 8.4 percent [3] . The nocturnal headache in the present study is different from hypnic headache, as it does not wake one up from sleep, but it just occurs at night (00.01-6.00 a.m.).
The study showed that a young student compared to a student a year older was likely to face a relatively greater degree of nocturnal headache. This result was in contrast with most previous studies which found headache prevalence to vary positively with age [13] . The results from the present study are in line with those found from the first phase investigation on factors associated with a headache from mobile phone use that younger age groups had implications for mobile phone associated headache. Previous surveys revealed as high 
473
Adolescent smart phone users as 31 percent of children between the age of eight and ten own and use mobile phones [14] . A study in Korea in the year 2013 found the average age of children first owning and/or using mobile phone decreased from 12.5 years old in 2008 to 8.4 years old in 2011. The results implied the tendency of children to own or use mobile phones at a younger age [14] . Internet use is a risk factor for nocturnal headaches (OR adj 2.14; 95% CI: 1.07-4.25). Talking on smartphones in both internet and cellular modes often involves holding the device close to the head, and the electromagnetic radiation from smartphone to which the users are exposed induces a change in biological reaction including a change of protein in the brain and causes nervous system problems, especially headache symptoms [15] . Electromagnetic radiation from talking mode is nine times more intense than the standby mode [16] . A recent study has found a higher mean of radiated power during voice over internet protocol, which has been assessed at 1.9 mW, than the mean of radiated power during voice over circuit switch calls, which has been assessed at 0.55 mW [17] . The results indicate that talking on smartphones without hands-free devices can give rise to a headache.
The brand of the device has appeared to have a bearing on the nocturnal headache. From the analysis of smartphone use during night time, it was found among late night users that students using device brands other than Apple, most (83.6 percent) used SOP in the ⩾2.00 × 10 −5 mW range, compared to the 58.9 percent figure of Apple brand device users. The result implies that users of smartphones other than Apple brand use the device heavily at night, thus contributing to the link between the device brand and nocturnal headache. It is important to note that device brand is a representative of areas where the device is used, and the device brand used popularly in rural areas, which has less density of the base station, will have an effect on sleep quality. The theory is in line with the findings from previous studies that the factors governing SOP include the control system of the operator's network, the wave frequency, the strength of the signal which depends on the signal density of the base station, the distance of the mobile phone from the base station and population density [18, 19] .
The SOP, which was measured and stored in the device, can be viewed with the use of an application. SOP values in this study are thus lower than the values of smartphone electromagnetic radiation in other studies which used the external metering device and might be affected upward by the radiation from other sources. This value concurred with the average power consumption of a human cell, at 1×10 −9 mW [20] . In this study, the maximum SOP was 1.55 mW which occurs during night time. Previous studies indicated most teenagers (62-72 percent) used advanced smartphones in the evening and at night, after 9.00 p.m., and during midnight to 3.00 a.m., with 34-55 percent of the use for texting and social media, and 24 percent for playing games [21] .
The use of SOP in the morning (6:00-12:00 a.m.) and at night (00:00-6:00 a.m.) in the form of high power effect (⩾2.00 × 10 −5 mW) was found to link with morning headache and indicates that students with a morning headache will include those who use a smartphone heavily after midnight. Severe morning headache is not only the consequence of exposure to high doses of SOP but also due to sleep deprivation. Meanwhile, the use of SOP during the day time and in the morning (⩽1.79 × 10 −5 and 1.80-1.99 × 10 −5 mW, respectively) in the form of power effect has been found to induce a daytime headache. Furthermore, the use of a daily dose of SOP for six days apparently caused daytime headache in the form of a dose-response. The use of SOP in the evening (⩽1.79 × 10 −5 and ⩾2.00 × 10 −5 mW) has been associated with an evening headache. Moreover, the exposure to daytime SOP for 6 h (⩽1.79 × 10 −5 and ⩾2.00 × 10 −5 mW) in the form of power effect and a daily dose of SOP for five days has given rise to an evening headache in the form of a dose-response. The researcher has observed that SOP in ⩽1.79 × 10 −5 mW range, which is the lowest level that can trigger a headache, still has a strong effect probably due to the sensitivity of each individual or the response of the nervous system to the frequency of smartphone electromagnetic radiation in this range.
The nocturnal headache in the present study is different from the hypnic headache as it does not wake one up from sleep but it only occurs at night and has been found in only 5.3 percent of the participants. From the study on headache in different periods of the day, a nocturnal headache, mostly, can be classified as a migraine type, i.e. 12.2 percent (Table VI) . The researcher has found that nocturnal headache is not a response to SOP during the evening, before bedtime. The finding indicates that using a smartphone before going to bed does not stimulate the brain, to result in a nocturnal headache. Meanwhile, daytime smartphone use with SOP at 1.80-1.99 × 10 −5 mW range and perhaps in combination with night time smartphone use can bring about a nocturnal headache. Furthermore, using a daily dose of SOP for seven days or delayed effect has been found to have nocturnal headache consequence in a reverse dose-response form, which is likely to be the adaptive process of the nervous system, particularly in a migraine type headache. The results from one study showed other kinds of protective response, for example, photophobia [22] . The researchers' findings ensure that both migraine and nocturnal headache will have specific responses to SOP. Noseda et al. found that light stimulations activated migraine by dura sensitive thalamic neurons that receive photic signals from the retinal ganglion cells and transmit signals to cortical areas and nociceptive. The retino-thalamic-cortical pathway provided exacerbation of migraine headache by light [23] [24] [25] . The light of smartphone displays is light-emitting diodes (LED) for backlit screens. These screens are lit in the back by short wavelength LEDs (460 nm) [26] that are sensitive to photoreceptors and can stimulate the retino-thalamic-cortical pathway. The information ensures that nocturnal headache in the study has been activated by output power and the light from smartphones.
Measuring smartphone's output power by using the data in the smartphone, not measuring from outside, can lead to misclassification of exposure. This study was a panel study, meaning the outcomes and exposures have been followed in the same sample groups which have been considered as controlling individual and environmental confounders. The tool of this study relied on the technology by creating a smartphone application which used recorded data every day and avoided recall bias. Finally, this study had a large sample size which can make even an analysis of the effect of slight SOP on the nervous system possible.
Conclusion SOP, which is smartphone electromagnetic radiation, had a non-linear correlation with headaches during different periods of the day. Nocturnal headaches have been found to respond to the delayed effect of the daily dose of SOP in the form of a reverse dose-response, just like migraine headaches which have some other kinds of protective response, for example, photophobia. The information ensures that the nocturnal headache in this study is a migraine which has been activated by output power and the light from smartphones. Finally, for younger students, internet use has been a risk factor of the nocturnal headache. It is recommended that a limited time for smartphone use and delaying the use of smartphones to older age groups should be implemented in order to prevent migraine attacks at night. 
